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We use split-ring resonators to demonstrate topologically protected edge states in the Su-Schieffer-
Heeger model experimentally, but in a slow-light wave with the group velocity down to ∼ 0.1 of light
speed in free space. A meta-material formed by an array of complementary split-ring resonators
with controllable hopping strength enables the direct observation in transmission and reflection of
non-trivial topology eigenstates, including a negative phase velocity regime. By rotating the texture
orientation of the diatomic resonators, we can explore all the band structures and unveil the onset
of the trivial and non-trivial protected eigenmodes at GHz frequencies, even in the presence of non-
negligible loss. Our system realizes a fully tunable and controllable artificial optical system to study
the interplay between topology and slow-light towards applications in quantum technologies.
Composited by dimers with staggered hopping ampli-
tudes, a topological phase transition can be revealed in
the Su-Schrieffer-Heeger (SSH) model owing to the exis-
tence of Zak phase associated with zero Berry curvature
[1, 2]. Using the SSH model, people have illustrated the
difference between bulk and boundary, chiral symmetry,
adiabatic equivalence, topological invariants, and bulk-
boundary correspondence [3]. Through the analogy in
single-particle Hamiltonian, topologically non-trivial zero
or pi modes can also be observed in photonic systems,
through a periodically setting on the confined poten-
tials [4–7]. With the topologically protected edge states,
we can implement new types of lasing mode [8] and op-
tical control [9] even under continuous deformations.
Unlike the conventional optical structures formed by
waveguide and resonators, one can design meta-materials
to manipulate waves of electromagnetic radiation in a
manner not observed in bulk materials. By properly en-
gineering the unit cell, also known as artificial atoms, for
example, media can possess simultaneous negative per-
mittivity and negative permeability, resulting in a left-
handed refractive index [10, 11]. In particular, the split-
ring resonator (SRR) [12, 13] has provided an experimen-
tal platform to demonstrate magnetoinductive, electroin-
ductive, retarded waves, and slow-light [14–18].
Even though the topologically protected edge state in
one-dimension (1D) system is a discretized state inside
the gap, a question arises on its group velocity when ex-
cited in slow-light meta-materials. In this Letter, we ad-
dress this question by implementing the SSH model in an
array of dimers with SSR and its counterpart, the com-
plementary split-ring resonator (CSRR) [19]. In addition
to the known approach by varying the separation between
∗Electronic address: wkuo@phys.nchu.edu.tw
two adjacent waveguides or resonators, the orientation of
SRRs provides a feasible degree of freedom to manipu-
late the inter-resonator coupling strength [20–23]. Now,
with the negative permittivity and negative permeabil-
ity, supported respectively by SRRs and CSRRs, one can
realize a left-handed meta-materials for microwave prop-
agating with a negative phase velocity. With a proper
setting on the intra-cell and inter-cell coupling strengths
between SRRs and CSRRs, a photonic band gap in the
passband is measured when the inversion symmetry is
broken, as well as a very slow group velocity is sup-
ported, down to ∼ 0.01 of light speed in free space. Then,
an even number of resonators are fabricated to illustrate
experimentally non-trivial and trivial topologically pro-
tected edge states. By directly measuring the reflection
and transmission spectra, we observe the Zak phase to
support the existence of topological edge states in meta-
materials. Non-trivial topologically protected edge states
are directly observed with a group velocity ∼ 13.6× 106
m/s. As the slow-light has played an important role for
studying photon-atom interaction, as well as for quantum
memories, our system provides a fully tunable and con-
trollable platform to study the interplay between topol-
ogy and meta-material.
As schematic in Fig. 1(a), we study a 1D array com-
posited by a finite number of dimer lattices in the di-
atomic basis, denoted as A and B. The implementation
of SSH model is realized by combining SRRs and CSRRs
together, but fabricated in the upper and lower layers,
respectively, as illustrated in Fig. 1(b). By bonding
these two interleaved layers close enough, with a con-
trollable separation, an effective 1D array can be imple-
mented to realize the Su-Schrieffer-Heeger model. With
the images taken from the top and bottom, as shown in
Figs. 1(c) and (d), one can clearly see the split-ring struc-
tures within the empty background in the upper layer;
while the complementary structures in the lower layers.
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2FIG. 1: (a) A schematic of the SSH model for 1D mi-
crowave propagation in dimer lattices, denoted as A and B.
The red box marks the unit cell of “diatomic basis”. (b)
The implementation of the SSH model is realized by combin-
ing split-ring resonators (SRRs) and complementary split-ring
resonators (CSRRs), illustrated in (e) and (f), in an array
structure. The SRRs are fabricated in the upper layer, as
shown in the real image taken from the top (c); while the
CSRRs are fabricated in the lower layer, as shown in the im-
age taken from the bottom (d). By varying the orientation of
SRRs and CSRRs, as illustrated in (e) and (f), we can ma-
nipulate the coupling strengths for the intra- and inter-cells,
denoted as v and w, respectively. The two leads in the front
and end nodes shown in (a) are implemented by two trans-
mission lines in (b), denoted with the input port 1, reflection
port 2, and transmissions ports 3 and 4.
In addition to the dimer unit, we manipulate the coupling
strengths, denoted as v and w, for the intra- and inter-
cells by varying the orientation of SRRs and CSRRs, as
denoted as θS and θC in Figs. (e) and (f), respectively.
Moreover, to link the 1D lattice model to the measure-
ment on the transmission and reflection spectra, as illus-
trated in Fig. 1(a), we also introduce two leads in the
front and end nodes. With the help of two transmission
lines, as shown in Fig. 1(b), here, we define the input
(port 1), reflection (port 2), and transmissions ports (3
and 4).
To illustrate the topologically protected edge states
supported in the SSH model, one can consider each ring
as a single harmonic oscillator coupled to the adjacent
oscillators. As a generalized SSH model by including the
lossy effect, the equations of motion for the electric field
amplitude x at the j-th site can be described as
x¨j = −ω2jxj − γj x˙j + κj−1xj−1 + κj+1xj+1, (1)
where the site index j runs from 1 to N for the total num-
ber of SRRs and CRRs. Here, we also introduce ωj as
the natural frequency of the oscillator, γj as the damp-
ing coefficient (for the ring resonator is linked to resis-
FIG. 2: The eigen-energies of our 1D SSH model are shown
as a function of the ratio between the inter- and intra-cell
hopping constants, w/v, for (a) odd number (N = 21), and
(b) even number (N = 20) of the total lattices. The cor-
responding (c, f) transmission spectra |T | (in dB scale), (d,
g) phase change, and (e, f) group velocity (dθ/dω)−1 are de-
picted for odd and even numbers, shown in (c-e) and (f-h),
as a function of the normalized detuning frequency δ/v, for
w/v = 0.5, 1.0, and 2.0 depicted in Black-, Red, and Blue-
curves, respectively. The insets in (d) and (g) show the phase
change near the zero-detuning region, i.e., δ/v = ±1.
tance loss), and κj±1 as the coupling constants between
two adjacent oscillators. The solutions for a particular
frequency ω can be expressed by noting xj = Aje
−iωt.
Here, the dimer unit A and B are characterized by their
resonance frequencies ωA and ωB , which are the same
ωA = ωB for the SSH model, but can be different for the
Rice-Mele model [24]. Additionally, the staggered cou-
pling coefficients are assumed to be different for intra-cell
and inter-cell, denoted as κA and κB .
By defining v ≡ κA/2ωA, w ≡ κB/2ωA, along with
γi  ω ∼ ωi, as the band structure of the system shown
in Figs. 2(a) and (b), the eigen-energies, in terms of
(λ − ω)/v ≡ δ/v, are depicted as a function of the ratio
between the inter- and intra-cell hopping constants, w/v
or equivalently κB/κA, for (a) odd number (N = 21),
and (b) even number (N = 20) of the total lattices. In
addition to the two branches of band, i.e., upper and
lower bands, for an odd value of N , a defect-mode with
the zero eigen-energy always exists no matter what is
the value of w/v, as shown in Fig. 2(a). Nevertheless,
for an even number of N , non-trivial topological edge
states, i.e., the zero-modes, only emerge when w/v > 1,
as shown in Fig. 2(b).
In response to directly probe these non-trivial topolog-
ically protected edge states experimentally through the
transmission spectroscopy, one can add a driving force
on the model system in Eq. (1) at the first site x1 and
measure the response at the last site xN . The corre-
sponding transmission amplitudes |T | (in dB scale), are
depicted in Figs. 2(c) and (f) for an odd (N = 21) and
3an even (N = 20) number of N , respectively, as a func-
tion of the normalized detuning frequency δ/v. Here,
three values of the ratio w/v are chosen. When N = 21,
one can see from Fig. 2(c) that the resulting transmis-
sion features a single passband for w/v = 1 as shown
in the Red-curve; while this passband is split into two
with a gap region in between for w/v 6= 1, as shown in
Black- and Blue-curves for w/v = 0.5 and 2, respectively.
Moreover, to take the dissipation into consideration, lossy
effects are also included in the calculations, by setting
γA = γB = γ = 0.02v. As one can see that the trans-
mission spectra are robust even with the introduction of
non-negligible losses. Some ripples in the transmission
spectrum can be easily identified as only a finite number
of resonators is considered. With the comparison be-
tween Figs. 2(c) and (f), topologically non-trivial states,
i.e., zero-modes, only emerge at the center of band gap
when the number of total lattice is even and w/v > 1.
In addition to the transmission amplitudes, the corre-
sponding phase changes are also shown in Figs. 2(d)
and (g) for the odd and even number of N , respec-
tively. Near the zero-detuning region, i.e., δ/v = ±1,
a phase jump of pi, from −pi/2 to pi/2, can be seen from
the inset of Fig. 2(d), accounting for the trivial topo-
logical phase. However, as shown in the Blue-curve of
Fig. 2(g), when w/v = 2.0 > 1, a phase jump of 2pi,
from two Zak phases in ±pi, appears for the existence
of the non-trivial topologically protected edge state. In-
stead, when w/v = 0.5 < 1, the phase change remains
a constant in the gap region, as shown in the Black-
curve. Furthermore, it is known that the group veloc-
ity is proportional to the slope of the dispersion curve,
i.e., vg = dω/dk = L(dθ/dω)
−1, with L denoting the
length of our 1D array. By taking the derivative of the
phase curves in Figs. 2(d) and (g), for the odd and even
number of lattices, respectively, we depict the inverse of
the derivative of phase change, i.e., (dθ/dω)−1, relating
to the group velocity in Figs. 2(e) and (f). One can
see that, even though the lowest group velocities hap-
pen near the two band edges, both the supported trivial
and non-trivial topologically protected edge states have
a slower group velocity inside the gap region. In short,
the non-trivial topologically protected edge states indeed
propagate in slow-light.
Now, let us come to the experimental implementation
of our 1D SSH array on the substrate Roger 4003C, which
has the thickness 1.6 mm and with copper used as the
metallic part in 0.035 mm thickness on it. The resonators
are designed with 7.6 mm in diameter, 0.4 mm in line
width, along with 0.4 mm between two rings, 0.4 mm for
the ring gaps, and 10 mm for the lattice constant. For the
N = 20 sample, we have L = 106.2 mm in total length
from the left lead to the right one. It is known that one
can manipulate the coupling strengths between SRRs by
angle of rotations [25]. Moreover, for the coupled SRR
and CSRR, the texture of orientation produces a great
impact on the inter-resonator coupling strength [26]. As
illustrated in Figs. 1(e) and (f), for a fixed angle of rota-
FIG. 3: (a, d) Measured transmission |S31| and reflection
spectra: with the injection (b, e) from the left lead |S21| and
(c, f) from the right lead |S43| in (c, f), are depicted in Red-
curves for an even number of the total rings, N = 20. Nu-
merical results obtained from finite-element simulations are
also depicted in Blue-curves. Here, the orientations of SRRs
and CSRRs are rotated at the angles: (a-c) (210◦, 290◦) and
and (d-f) (30◦, 110◦), with the estimated values of w/v = 0.23
and 4.3, respectively. Within the frequency gap between two
split passbands, from 3.25 to 3.40 GHz, the topologically pro-
tected edge states produce an additional resonance peak in
the (d) transmission spectrum, or a dip in the (e, f) reflection
spectra, as indicated by the arrow sign.
tion in CSRR, θC , the inter-resonator coupling strength
can be varied from 30 MHz to 400 MHz with respect to
the angle of rotation in SRR, θS . To extract the magni-
tude of coupling strengths in our diatomic cell, simulation
results obtained by finite-element simulations are also ap-
plied to fit the experimental data, in order to estimate
the values of ratio between inter- and intra-cell coupling
strengths.
With the help of experimental parameters extracted
from our previous work [26], in the following we demon-
strate the direct observation of non-trivial topologically
protected edge states for microwave propagation in our
1D array. Here, an even number of the total lattice is
fabricated, i.e., N = 20, for two sets of the orientations
of SRRs and CSRRs rotated at the angles (θS , θC): (a-
c) (210◦, 290◦) and and (d-f) (30◦, 110◦). As the selected
angles in these two cases are supplementary, the coupling
strengths v and w are simply interchanged, with the esti-
mated values of w/v = 0.23 and 4.3, respectively. For the
topologically trivial case, a clear frequency gap between
two split passbands is observed in both the transmission
and reflection spectra from 3.25 to 3.40 GHz, as shown in
Figs. 3(a-c). Instead, as shown in Fig. 3(d) for the trans-
mission spectrum obtained by directly measuring S31,
the topologically protected edge states produce the addi-
tional resonance peak in the gap region, as indicated by
the arrow sign. Moreover, to manifest such a topologi-
cally non-trivial state, in Figs. 3(e) and (f), we also per-
form the measurements on the reflection spectrum from
4FIG. 4: (a, c) Measured phase spectra from the scattering
coefficient S31 and (b, d) the corresponding group velocity
Vg are depicted in Red-curves for an even number of the total
rings, N = 20. Numerical results obtained from finite-element
simulations are also depicted in Blue-curves. The inset of (c)
is the enlarged gap region, which illustrates a phase difference
of 2pi.
the scattering coefficients |S21| and |S43|, respectively, for
the injection from the left and right leads, respectively.
Even though fabrication errors introduce inevitable dis-
crepancy in the measured spectrum, a clear resonant dip
can be seen in the both reflection spectra, indicating the
robustness of topologically protected edge states. In Fig.
3, we also depict numerical results obtained from finite-
element simulations in Blue-curves, which not only give
good agreement to all the experimental data, but also re-
veal the fine structure from the oscillation peaks related
to the number of resonators.
In order to demonstrate that our 1D arrays formed by
SRRs and CSRRs can work as meta-materials, we also
perform the measurement on the phase of the scatter-
ing parameter S31, as shown in Red-curves in Fig. 4. To
further unveil the onset of the trivial and non-trivial pro-
tected edge states, simulation results from finite-element
method are also depicted in Blue-curves as a comparison.
In addition to the negative slope for the phase measure-
ment with respect to the frequency, in the gap region,
a plateau with the constant phase change can be easily
seen for the trivial case when w/v = 0.23, as shown in
Fig. 4(a). Once again, our numerical simulations de-
picted in Blue-curves not only give good agreement to
the measured phase change, but also reveal a stair-shape
for the phase change inside the two passbands. Each dis-
crete phase drop counts a pi phase change, representing
a resonance peak from the individual resonator. How-
ever, when w/v = 4.3, the existence of the non-trivial
topological states emerge in the gap region, which mod-
ify the original plateau, as shown in Fig. 4(c). As the
inset shows, a 2pi phase change from the phase difference
between two Zak phase ±pi, can be clearly seen for the
supported topologically protected edge state in the gap
region. The observed state indeed is a non-trivial zero
mode.
Moreover, from the measured and simulated phase
data, in Figs. 4(b) and (d), we also show the correspond-
ing group velocity measurement, for the trivial and non-
trivial topologically protected edge states, respectively.
Compared to the theoretical results given in Fig. 2(h),
when w/v = 0.23 < 1 as shown in Fig. 4(b), the wave
in the two split passbands propagates in a slow group
velocity down to 1.14 × 106 m/s, ∼ 0.01 of light speed
in the free space. On the contrary, when w/v = 4.3 > 1
as shown in Fig. 4(d), for the non-trivial topologically
protected edge states supported inside the gap region, a
significant dip in the measured group velocity, as well as
in the simulated one, can be clearly identified, indicating
a much lower group velocity than the light speed. Our
results give a direct observation of the topologically pro-
tected edge states in slow-light, with the measured group
velocity ∼ 13.6× 106 m/s.
To sum up, we propose and study 1D left-handed meta-
materials based on interleaved split-ring resonators and
complementary split ring resonators. The microwave
propagation has a negative phase velocity and a very
slow group velocity, down to ∼ 0.01 of light speed in free
space. By varying the orientation texture, we realize the
Su-Schrieffer-Heeger model for the electromagnetic waves
in meta-material. The non-trivial topologically protected
edge states are directly observed in the transmission and
reflection spectra, with the group velocity ∼ 13.6 × 106
m/s. Our results pave the way to study photon-atom
interaction with topological photonics, which could over-
come the difficulty in using photonic crystals due to the
mismatch of the lattice constant and the feature size of
an artificial atom. In addition, the success of the tight-
binding model infers that such a diatomic basis may pro-
duce very rich exotic topological states when built into
the Rice-Mele model or a two-dimensional system.
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